Wide variations were found in the rate of chemical and microbiological leaching of iron from pyritic materials from various sources. Thiobacilus ferrooxidans accelerated leaching of iron from all of the pyritic materials tested in shake flask suspensions at loadings of 0.4% (wt/vol) pulp density. The most chemically reactive pyrites exhibited the fastest bioleaching rates. However, at 2.0% pulp density, a delay in onset of bioleaching occurred with two of the pyrites derived from coal sources. T. ferrooxidans was unable to oxidize the most chemically reactive pyrite at 2.0%Yo pulp density. No inhibition of pyrite oxidation by T. ferrooxidans occurred with mineral pyrite at 2.0% pulp density. Experiments with the most chemically reactive pyrite indicated that the leachates from the material were not inhibitory to iron oxidation by T. ferrooxidans. coal pyrite were two to four times faster than those of a mineral ore pyrite as determined by X-ray photoelectron spectroscopy (7). Variation in the chemical reactivity of pyrite varies with pyrite morphology and, hence, with surface area (2, 5, 18) . However, nonreactive pyrite that is finely ground remains nonreactive (2), indicating that surface area alone is not responsible for variations in pyrite reactivity. Pyrite reactivity also varies with the number of crystal lattice imperfections observed as dislocation densities (natural etch pits) on pyrite surfaces (11).
Mechanisms of chemical and microbiological oxidation of pyrite and factors affecting the rate of pyrite oxidation in aqueous solution have been studied widely because of the significance of pyrite oxidation in environmental and industrial processes. The oxidation of pyrite associated with coal and metal ore deposits results in acidic mine drainage, a significant water pollution problem. Conversely, microbiological and chemical oxidations of pyrite and other metal sulfides have beneficial applications in the commercial leaching of metals from low-grade ores and wastes. Chemical and microbiological depyritization of coal have also been studied.
In aerated, aqueous solutions, the sulfidic sulfur of pyrite is oxidized and the iron passes into solution in the ferrous form:
2FeS2 + 702 + 2H20 --2FeSO4 + 2H2SO4
(1) A more rapid oxidation of pyrite occurs when Fe3`is available as the oxidant:
FeS2 + 14Fe3+ + 8H20 -_ 15Fe2+ + 2SO42-+ 16H+ (2) A surface chemical reaction appears to control the rate of pyrite oxidation (18) . Both ferrous and ferric ions rapidly adsorb to the surface of pyrite, and the rate of pyrite oxidation is proportional to the fraction of the pyrite surface occupied by ferric ions (6) . Moses and Herman (8) coal pyrite were two to four times faster than those of a mineral ore pyrite as determined by X-ray photoelectron spectroscopy (7) . Variation in the chemical reactivity of pyrite varies with pyrite morphology and, hence, with surface area (2, 5, 18) . However, nonreactive pyrite that is finely ground remains nonreactive (2), indicating that surface area alone is not responsible for variations in pyrite reactivity. Pyrite reactivity also varies with the number of crystal lattice imperfections observed as dislocation densities (natural etch pits) on pyrite surfaces (11) .
Because bacteria accelerate the rate-limiting step in pyrite dissolution (14) , it is of interest to determine how the activity of bacteria on different pyrites correlates with the abiotic, chemical reactivity of the pyrites. Temple and Delchamps (17) mentioned that certain forms of pyrite in coal seams were more reactive than museum-grade mineral pyrite. Aside from these brief early observations, little work has been done to examine the bacterial oxidation of Coefficients of variation for rates of chemical and microbiological leaching of the pyritic materials used in this study were similar to those reported previously for other mineral pyrites when the same leaching procedure was used (9, 10). The coefficients of variation for bioleaching in two or three replicate flasks were 3.6% for Queensland, 15.7% for mineral, and 32.6% for Pittsburgh-A pyritic materials. The coefficients of variation for abiotic leaching as determined in two or three temporally separate experiments, with single flasks in each experiment, were 5.1% with mineral pyrite, 6 .5% with Pittsburgh-A material, and 14.0% with Pittsburgh-B material.
RESULTS
The four pyritic materials used in this study contained pyrite as the major mineral component as determined by X-ray diffraction. Mineral pyrite contained trace amounts of quartz and kaolinite, Queensland pyrite contained traces of quartz and FeSO4. H20, and the Pittsburgh-A material contained traces of calcite and dolomite. Of the coal-derived pyritic materials, Queensland and Pittsburgh-A materials were largely free of organic carbon; Pittsburgh-B material contained about 24% organic carbon (Table 1) . Pittsburgh-A material contained about 1.0% carbonate carbon. Despite the acid wash during pyrite preparation, experiments with higher pulp densities required the addition of up to 150 ,ul of 10 N H2SO4 to the Pittsburgh-A material to maintain the pH near 2.0.
The rates of production of soluble iron from the four pyritic materials (0.4% pulp density) in uninoculated flasks varied greatly (Table 2) , indicative of the relative chemical reactivities (reactions 1 and 2) of the pyrites. In the most extreme case, the Pittsburgh-B material oxidized 43 times faster than the mineral pyrite, on the basis of percent Fe solubilized per day. T. ferrooxidans accelerated the rate of iron dissolution from each of the pyrites (Table 2 and Fig. 1 ). The relative rates of dissolution of the four pyritic materials in the presence of T. ferrooxidans at either 0.4 or 2.0% pulp density corresponded to their relative chemical reactivities (mineral < Queensland < Pittsburgh-A < Pittsburgh-B) ( Table 2 ). The rate of microbial dissolution of the pyritic materials with respect to the rate of chemical leaching was not linear; the biological rate ranged from 9 times (Pittsburgh-B) to 39 times (Queensland) more rapid than the abiotic, chemical rate. After 7 days of leaching, soluble iron was 72 to 88% Fe(II) in uninoculated flasks. However, virtually all soluble iron in inoculated flasks was Fe(III).
Little precipitation of iron (i.e., jarosite formation) occurred in inoculated flasks, as the pyritic iron in Pittsburgh-A and -B pyritic materials was converted quantitatively to soluble iron in 162 and 118 h, respectively. Experiments were terminated before Queensland and mineral pyrites were completely oxidized microbiologically. However, the molar ratio of iron to sulfate in these flasks (corrected for sulfate present in 9K salts) and in the uninoculated mineral pyrite was close to 0.5, in accord with the expected ratio if pyrite is oxidized to ferric sulfate and sulfuric acid. This ratio ranged from 0.62 to 0.66 in uninoculated flasks containing coal pyrites, suggesting preferential precipitation of sulfate or incomplete oxidation of pyritic sulfur. After 1 week of leaching, the pH values of uninoculated flasks ranged from 2.18 (mineral pyrite) to 1.87 (Pittsburgh-B) and those of inoculated flasks ranged from 2.04 (mineral pyrite) to 1.75 (Pittsburgh-B).
The rates of pyrite leaching (expressed as percent loss of Fe per day) in uninoculated flasks at the higher pulp density (2%) were similar to the rates at the lower pulp density (Table 2) . Again, the iron in solution was mostly Fe(II), ranging from 79 to 100% of the total iron. As expected, T. ferrooxidans accelerated leaching of mineral pyrite at the higher pulp density ( The experiment was repeated with Pittsburgh-A and -B pyrites and with mineral pyrite with the same results: mineral pyrite was oxidized by T. ferrooxidans with only a brief or no lag phase, Pittsburgh-A material showed a 2-week lag before the onset of bioleaching and conversion of soluble iron to Fe(III), and Pittsburgh-B material showed no evidence of bioleaching or iron oxidation after 53 days of incubation. Virtually all of the Pittsburgh-B material had dissolved through abiotic oxidation after this time. Particles of elemental sulfur formed after about 3 weeks of leaching of the Pittsburgh-B material and remained on the surface of the solution until the conclusion of the experiment. Solution cell counts were monitored periodically in flasks containing Pittsburgh-A material. Cell numbers declined from an initial 2.4 x 107/ml to about 3 x 106/ml from day 2 through 11, probably representing adsorption of cells to particle surfaces. After 2 weeks, a rapid increase in solution cell counts to about 108/ml occurred, coinciding with increases in soluble iron above the levels in the abiotic control and with a change in speciation of soluble iron from predominantly Fe(II) to Fe(III). Solution cell numbers reached 109/ml after 17 days, somewhat higher than the solution cell numbers obtained with mineral pyrite. The lag in onset of bioleaching could not be eliminated when a flask containing Pittsburgh-A pyritic material was inoculated with the coal pyrite-grown cells described above (initial cell concentration, 2 x 10 cells per ml).
When inoculated with 10-fold-higher cell numbers (initial concentration, 6 x 108 cells per ml), the Pittsburgh-B material was bioleached within hours at a rate (determined with only two time points) of 30.1%/day, similar to the 29.0%/day obtained at the lower pulp density. Unshaken flasks containing Pittsburgh-B material and inoculated with T. ferrooxidans (3 x 107/ml) after 7 days showed higher levels of soluble iron compared to that of uninoculated controls. At this point, the soluble iron in inoculated flasks was predominantly Fe(III) and that in uninoculated flasks was predominantly Fe(II). The leachate from Pittsburgh-B pyritic material was tested for inhibitory effects on T. ferrooxidans. Supernatant solution was removed from an uninoculated flask containing Pittsburgh-B pyritic material that had been shaken for The inhibition of iron oxidation by T. ferrooxidans by particles of mineral pyrites and other materials has been observed previously (3, 16) . Although the nature of this inhibition was not explained fully, the involvement of pHdependent electrostatic interactions of cells and surfaces was suggested. However, unlike in the present study, inhibition of T. ferrooxidans was also associated with filtrates of the pyrite suspensions (16) .
Long lags (60 days) also were observed in the oxidation by T. ferrooxidans of solution ferrous iron in experiments with chalcopyrite at 20% pulp density (12) . These lags were attributed to the preferential metabolism of sulfur by attached cells. However, dissolved sulfate concentrations during the experiment were not reported. Evidence for such a phenomenon in the present study was lacking since we found no measurable increases in soluble sulfate concentrations, compared with those of uninoculated controls, during the lag in oxidation of coal pyrites. Attached cells accounted for only a small percentage of the total numbers and activity of T. ferrooxidans when the organism was grown on certain pyrite-containing mixed ores at 2% pulp density (4).
Leachates of reactive Pittsburgh-B pyritic material, which could not be bioleached except at low pulp densities or high cell densities, did not inhibit T. ferrooxidans nor were elements known to be inhibitory to the organism found in the leachate or in the pyritic material. Oxygen depletion in bulk solution did not occur at the higher pulp densities. The Pittsburgh-B material was bioleached readily at the higher pulp density when a large inoculum was used, also ruling out oxygen depletion in bulk solution as a cause of the inhibition. However, conditions at the mineral surface, where oxygenconsuming reactions occur, could differ greatly from those in bulk solution (1) . Further 
